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Figure 1. Relative photodetachment cross section for HO,™ and energy
level diagram showing ion and neutral states. The observed threshold
of the 2A’ state of HO, is at 2.06 eV. Consequently the electron affinity
(EA) of HO, is 1.19 eV,

photodetachment spectroscopy was possible. This technique, which
has produced electron affinities for many atomic and molecular
species, is described in detail elsewhere.l! A mass analyzed beam
of HO,™ was crossed with a tunable dye laser beam. The ions
were made by an electric discharge in O, and 2,3-dimethyl-1-
butene under conditions which typically produce ions charac-
terized!>!® by a temperature of 1500 K. Electrons and neutrals
generated by photodetachment were collected and counted to
produce a plot of photodetachment cross section vs. photon energy.
In order to observe a photodetachment threshold using convenient
dye laser technologz, a search was made for the onset of photo-
detachment to the 2A’ excited state of the neutral, which lies!
0.872 eV above the ground state.

The data, shown in Figure 1, display a strong onset near 2.06
eV for detachment to the excited state. Modeling!>!® of the cross
section in this region places the electron affinity of the excited
state slightly above the onset, but the exact position is relatively
insensitive (£0.003 eV) to the details of the model. The photo-
detachment cross section was featureless near 1000 and 1300 cm™!
both above and below this feature where other thresholds involving
the lower frequency vibrations of the neutral or ion might appear.
Involvement of the highest frequency vibration would be incon-
sistent with the flowing afterglow measurement, so the absence
of other thresholds indicates that the threshold observed corre-
sponds to the HO,7(0,0,0) — HO, 2A’(0,0,0) threshold. Photo-
detachment spectra down to photon energies of 1.75 eV showed
little decrease in cross section. This observation alone indicates
the EA to be substantially smaller than 1.75 eV, inconsistent with
the current literature value? of 1.85 eV but supporting this de-
termination of 1.19 eV.

Two different methods have been used to determine the EA
of HO,. By measuring forward and reverse rate constants with
a flowing afterglow apparatus, the EA is found to be 1.16 & 0.15
eV. Threshold photodetachment provides both a consistency check
on this value and improves the precision of the determination,
giving EA(HO,) = 1.19 £ 0.01 eV.
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Selective hydroxylation of aromatic compounds is a difficult
task in preparative organic chemistry.! The problem is partic-
ularly severe when the compounds to be hydroxylated (or their
products) are optically active and/or unstable, since in these
instances the reaction should be conducted rapidly and under mild
conditions in order to prevent racemization and decomposition.
Therefore, such hydroxylations are often carried out either by
microbiological means? or by circumventing the direct hydroxy-
lation as exemplified by the catalytic asymmetric production of
L-3,4-dihydroxyphenylalanine (L-DOPA).}> Both of these ap-
proaches have serious shortcomings: the former is laborious, time
consuming, and usually provides relatively low yields; the latter
has only a limited applicability and employs extremely O,-unstable
catalysts.

Mason and co-workers have discovered®’ that horse radish
peroxidase, in addition to its usual peroxidatic and catalytic ac-
tivities, can also catalyze the hydroxylation of some aromatic
compounds by molecular oxygen in the presence of dihydroxy-
fumaric acid as a hydrogen donor. However, the yields obtained
were very low and the process lacked specificity, apparently due
to considerable nonenzymatic hydroxylation. Therefore, the
preparative potential of this reaction has never been explored.

In this work we have found that under certain conditions the
reaction in Scheme I, catalyzed by peroxidase,® can be used for
fast, convenient, and selective hydroxylations which afford yields
up to 70%. Three important drugs have been produced as ex-
amples using this enzymatic hydroxylation: L-DOPA? from L-
tyrosine (I), p-(-)-3,4-dihydroxyphenylglycine® from p-(-)-p-
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Scheme I. Peroxidase-Catalyzed Hydroxylation of L-Tyrosine (1),
D-(~)-p-Hydroxyphenylglycine (II), and L-Phenylephrine (III) in
the Presence of Oxygen and Dihydroxyfumaric Acid
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hydroxyphenylglycine (II), and L-epinephrine (adrenaline)® from
L-(-)-phenylephrine (III).

An Erlenmeyer flask was filled with 1 L of a 2 mM solution
of I, I, or III in 60 mM of acetate buffer (pH 5.0). This system
was cooled to 0 °C and then 4 mmol of dihydroxyfumaric acid
and 0.5 mg of horse radish peroxidase were added. Oxygen was
bubbled through the solution and the reaction was carried out at
0 °C with vigorous stirring. Four millimoles of dihydroxyfumaric
acid were added after 1 h and again after another hour; 3 h after
beginning the process the reaction was terminated by acidification
(in the case of 111, dihydroxyfumaric acid was added every 30
min and the reaction was terminated after 1.5 h). Both con-
sumption of I, II, or III and production of their dihydroxylated
successors were measured simultaneously during the syntheses
by using specific colorimetric assays.!® After 3 h, 1.4—1.5 mmol
of L-DOPA and p-(-)-3,4-dihydroxyphenylglycine were produced
and 0.5-0.6 mmoles of I and II, respectively, remained. In the
case of epinephrine, 0.8—1.0 mmol were produced after 1.5 h and
1.0-1.2 mmoles of unreacted III remained.

In each of the syntheses, the sum of the amounts of the substrate
and the product was, within experimental error, equal to the initial
amount of the substrate. This implies that no byproducts were
formed. In agreement with this conclusion, no other aromatic
products were detected by paper chromatography for the first two
syntheses and by silica gel chromatography for the third one.

The resulting mixtures of the substrate, product, and other
components in each of the three syntheses were separated by
chromatography on a Dowex-50-4X (200-400 mesh) H* form
column, followed by elution with 0.7 N HCl. The L-DOPA,
D-(-)-3,4-dihydroxyphenylglycine and L-epinephrine produced
were positively identified by comparison of their ultraviolet spectra,
Ry values in paper and silica gel chromatography,!! and retention
times in ion-exchange chromatography with those of the authentic
samples. The specific optical rotations of the compounds in 0.7
N HCl were —11, 99, and —47° as compared with —11 and —-50°
for the authentic samples of the first and third compounds, re-
spectively (for the second one it is not known). That is, no rac-
emization has occurred during the enzymatic hydroxylation.

It is critical that the enzymatic synthesis be carried out at 0
°C since at room temperature in the case of I some other hy-
droxylated tyrosines in addition to L-DOPA are formed. We have
found that at 0 °C in the absence of peroxidase no hydroxylation
of tyrosine takes place. However, at room temperature this is not
the case: dihydroxyfumaric acid and O, hydroxylate tyrosine with
a rate which is as high as 30-50% of that in the presence of the
enzyme. It is conceivable that this nonenzymatic (and therefore
probably nonspecific) hydroxylation may result in the formation

of several hydroxylated species.

Using the peroxidase-catalyzed hydroxylation of L-tyrosine we
have found that (i) replacement of O, with air results in slowing
down of the reaction, (ii) an increase in the reaction time (beyond
3 h) or the concentration of the enzyme or dihydroxyfumaric acid
does not appreciably increase the rate of the enzymatic process,
(iii) a reduction in the dihydroxyfumaric acid concentration results
in a decreased rate of L-DOPA formation, and (iv) the pH op-
timum of the enzymatic reaction is at pH 5.

We have discovered that two other peroxidases, lactoperoxidase
from cow milk and cytochrome ¢ peroxidase from yeast,!2 are also
capable of hydroxylating L-tyrosine to L-DOPA in accordance with
Scheme I.

It is hoped that the simple and efficient enzymatic hyroxylation
described herein could be useful for preparative transformations
of various pharmaceuticals and fine chemicals.
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The photoreduction of carbonyl compounds is among the most
extensively studied photoreactions.! These reactions are believed
to proceed primarily via a #* < n excitation whereupon the
electron density at the carbonyl oxygen is depleted.? In aromatic
carbonyls the rates of intersystem crossing and internal conversion
are fast compared to the rate of reaction; consequently, the
reactive state is the lowest triplet state.>® The reactivity of systems
having a lowest triplet state, T, which is w#* in character has
been attributed to the presence of a triplet nw* state, T,, at a
slightly higher energy.* 2,4,5-Trimethylbenzaldehyde (TMBA)
is thought to belong to this class of molecules.’

Many spectroscopic studies aimed at locating and characterizing
the triplet states of photochemically active aromatic carbonyls
have been of solid-phase samples at low temperature, while the
reactions of these molecules have been studied in liquid solution
at room temperature. TMBA dissolved in durene crystals (D),
however, can be photoreduced® under conditions similar to those
required for high-resolution spectroscopic investigation. In order
to gain more detailed information about the triplet states of
aromatic carbonyl compounds, we have obtained the laser-induced
phosphorescence excitation spectrum of TMBA isolated in a
durene single crystal (TMBA/D) at 25 K and have measured the
effect of an electric field (Stark splitting) on several of the bands
with the sample at 4.2 K. We have found, as have others for
TMBA and similar compounds,’ that the relative intensities of
the bands in the excitation spectrum indicate the presence of a
triplet nw* state near T, but the results of the electric field
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